The NO(X 
Introduction
Nitric oxide (NO) plays a major role in the chemistry near the surface of vehicles during atmospheric re-entry in the hypersonic regime where it connects the dominant atomic N and O populations. 1 Therefore, reactions of nitric oxide with N and O must be considered. Modelling the thermochemistry in the re-entry flows requires the knowledge of rate coefficients for the bimolecular reactions involving these species at very high temperatures as well as the final state populations. Under such extreme conditions quantitative experiments are difficult and expensive. Consequently, computational studies are vital for characterizing the reactivity or energy transfer in reactive or nonreactive encounters of such systems. Recently, a study of NO formation in hypersonic boundary layers 1 around space vehicles during re-entry showed that the inclusion of the NO data in the models substantially modified the mass fraction and the heat flux in the boundary layers. The reactions of NO with N proceed through N 2 O. The singlet ( 1 S + )
ground state of N 2 O has been studied intensely using both, theory [2] [3] [4] and experiment. [5] [6] [7] [8] [9] [10] Conversely, the potential energy surfaces (PESs) that connect the ground states of the reactant (NO(X 
+ N 2 has also been investigated using computation 11 and experiment. 12 For temperatures between 200 K and 300 K the rate coefficients are slowly varying and are around 4 Â 10 À11 cm 3 molecule À1 s
À1
. 12 Several experimental studies of the NO(X 10, [13] [14] [15] [16] [17] [18] [19] but the agreement between these experiments is poor. As an example, at 100 K Fox 15 derived a rate of 3.60 Â 10 À13 cm 3 molecule À1 s À1 from atmospheric models and data from the Viking 1 mission while Bergeat et al. 13 [21] [22] [23] [24] [25] An earlier PES, which has been considered to be the most accurate one until recently, 1 was based on a many-body expansion derived from a grid of ab initio energies computed at the CASPT2 level using a cc-pVTZ basis set. 23 Very recently, new PESs for the two lowest triplet states were determined at the multi reference configuration interaction (MRCI+Q) level of theory using the maug-cc-pVTZ basis set 26 and showed remarkable differences with the earlier PES. For example, the global minimum of the 3 A 00 state was found to be 0.23 eV deeper than in the previous work. For the 3 A 0 state several new minima and transition states were found.
Therefore, PESs at the MRCI level are required for computing meaningful rates from dynamics calculations. The most recent PESs were then used to study the N 2 + O -NO + N forward reaction based on QCT simulations. However, the reverse NO + N -N 2 + O reaction was not considered because these surfaces do not have the correct long-range radial dependence which is essential. 25, 26 In the present work the PESs for the 3 A 0 and 3 A 00 states of N 2 O are determined at the MRCI+Q/cc-pVTZ level of theory and represented as a reproducing kernel Hilbert space (RKHS). Such a treatment reproduces the points from electronic structure calculations exactly and captures the correct R À6 decay for dipoleinduced dipole interactions. These PESs are subsequently used to study all possible channels of the NO(X 2 P) + N( 4 S) reaction using reactive surfaces based on the multi state adiabatic reactive MD (MS-ARMD) method. 27 Both, quasiclassical trajectory and quantum calculations are carried out for validating the use of classical mechanics for this problem. Finally, thermal rate coefficients for the high temperatures (5000 K to 20 000 K) relevant at the hypersonic flight regime for N 2 formation and nitrogen exchange channels are computed and fit to simple empirical expressions. The remainder of this work is organized as follows.
In the next section, the methods used for developing the PESs are described, and the quasiclassical trajectory simulations and their analysis are summarized. The results are discussed in Section 3, and conclusions are given in Section 4.
Methods

Ab initio calculations
The ab initio potential energies of the triplet states of N 2 O were computed at the multireference configuration interaction (MRCI) level including the Davidson correction (MRCI+Q), 28 preceded by complete active space self-consistent field (CASSCF) calculations. Dunning's correlation consistent polarized tripletzeta (cc-pVTZ) basis set 29 was used. All electronic structure calculations were performed using the Molpro package. 30 For both electronic states, 3 A 0 and 3 A 00 , the asymptotic N 2 + O and NO + N channels were treated separately. In each case, a three-dimensional grid of energies for the respective Jacobi coordinates (R, r, y) was computed. For N 2 + O, the angles vary between 0 and 901. The angular interval was extended up to 1801, taking into account the symmetry of the system. In this way, the number of angular points is the same as for NO + N, which is necessary for the RKHS representation (see below 
Representation of the PESs
All PESs were represented by using a reproducing kernel Hilbert space approach. 31 The potential energy for each channel is
where M is the number of ab initio points, x is the vector of internal coordinates x = (R, r, z), with z ¼ ð1 À cos yÞ 2 , and x k corresponds to a grid point
is the reproducing kernel for a multidimensional PES, which is obtained by the multiplication of three 1-dimensional reproducing kernels q(x k , x).
where q 2,6 (R k , R) and q 2 (z k , z) are the radial and angular kernels,
The subscripts R 4 and R o are, respectively, the greater and smaller of any pair of number R k and R and similar for z 4 and z o . The coefficients a k are determined from solving the linear system
. .
By construction, reproducing kernels decay to zero for R -N. Hence, for a correct representation of the asymptotic behaviour of the kernel interpolation, the energy at a large atom-diatom distance V(R -N, r, y) was subtracted from the values of the grid, such that each cut V cut (R, r, y) dissociates to zero. The potential V cut (R, r, y) is then represented as an RKHS following eqn (1) . The asymptotic energies V(R -N, r, y), which are isotropic to a very good approximation, are also fitted using a 1-dimensional kernel. Then, the total energy is recovered by summing the energies of both interpolations V(R, r, y) = V (1)) with a distance-dependent switching function, as was previously done for NO 2 . 33, 34 The global PES is therefore
where y = (y 1 , y 2 , y 3 ) is the vector of the three inter-atomic distances of the N 2 O molecule, and V i are the potential energies of the three asymptotic PESs. The switching function is
where y i is any of the three inter-atomic distances. The term in the denominator is the normalization and the parameter a is 1.0 for the 3 A 0 PES and 1.2 for the 3 A 00 surface. This parameter determines the range over which the PESs are mixed. 27 In the asymptotic reactant or product channels, the full weight is on the corresponding RKHS PES. On the other hand, in the well region where the grid is sufficiently dense, the RKHS representation determines the shape because it exactly reproduces the ab initio reference energies. However, if two atom-atom distances are comparable and small and two PESs have non-negligible weights w i (y), the global PES in eqn (6) may exhibit small oscillations. For that reason, the radial extent of each grid was chosen sufficiently large for having meaningful weight at the geometries of the stationary points previously reported in the literature. The Fortran codes of both reactive PESs ( 3 A 0 and 3 A 00 ) are available from the authors or on GitHub. 35 Furthermore, an independent grid of points at the MRCI+Q level of theory was computed for the diatomic molecules N 2 and NO. These points were fitted to a Morse potential function using a least squares procedure. Table 1 summarizes the properties of both molecules. The dissociation energy is lower than the experimentally measured one. However, this should not affect the calculations as full dissociation of N 2 O into N + N + O is not considered here. These Morse parameters are then used for generating initial conditions for the quasiclassical trajectory (QCT) studies. The reason for preferring a computed potential energy curve for the diatomics over curves derived from experiments is to work with and validate an approach based entirely on computations.
QCT calculations
Quasiclassical trajectory calculations are used to determine thermal rate coefficients from
where T t , T v , T r and T e are the translational, vibrational, rotational and electronic temperatures, b i = 1/(k B T i ), i denotes the respective temperature, k B is the Boltzmann constant and E c is the collisional energy. Initially, the various degrees of freedom in the reactants are assumed to be in thermal equilibrium, i.e. T t = T v = T r = T e T for the remainder of the work. The cross section s(E c ; T) (using T = T v = T r = T e ) is defined as
where Q rv is the rovibrational partition function, n and j are the vibrational and rotational quantum numbers, E nj is the respective internal energy in the state (n, j), and n max and j max are the maximum values of n and j allowed by the available energy. The state-to-state cross section is s E c ; n; j ð Þ¼2p
where P nj (b; E c ) is the opacity function, and b the impact parameter.
The dynamics of the system is followed by propagating the equations of motions for a given set of initial conditions. These equations were integrated numerically using the Velocity-Verlet algorithm. 37 The initial conditions for NO were generated from a WKB-quantized periodic orbit 38 of the corresponding rotating
Morse oscillator for a given n and j. 39 The symmetry axis of NO, its rotation axis, and the angular momentum were randomly oriented and the integral eqn (8) was evaluated using an Importance Sampling Monte Carlo scheme. 40 The rotational and vibrational quantum numbers and the collision energy E c were sampled using the probability distributions
and 
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The impact parameter was sampled from 0 to b max using an Importance Sampling Monte Carlo scheme from which the rate coefficient is determined as
where N tot and N reac are the total and the reactive number of trajectories, respectively, and b k is the impact parameter of reactive trajectory k. This last equation includes the electronic degeneracy factor g e (T), which is
where the electronic partition functions are q N 2 O = 3 (for both states 1 The q NO( 2 P) (T) term takes into account the two spin-orbit states for NO( 2 P) and is q NO( 2 P) (T) = g(
3/2 ) = 2, and D = 177.1 K is the spin-orbit splitting between the two states. 3 The g e (T) term varies from 3/8 at low T to 3/16 at high T with most of the variation for temperatures below 300 K. Overall, 10 000 trajectories at nine temperatures between 100 K and 20 000 K were computed. For each temperature, conservation of the total energy was verified. A time step of 0.01 fs was used, and the maximum impact parameter was set large enough that only non-reactive collisions take place (b max = 10.05 A and 9.58 A for the The total rate coefficients were summed from the rate coefficients on each PES,
where k p and k pp are the rate coefficients from simulations on the 3 A 0 and 3 A 00 PES, respectively.
Results
Quality of the potential energy surfaces
The quality of the RKHS PESs (lines) compared to the ab initio calculations (symbols) is illustrated in Fig. 2 . The cusps are due to crossing with higher excited electronic states which are well captured by the RKHS representations but were one of the main causes of errors in earlier PESs. 26 The behaviour of the energy as a function of R at the angles represented in this figure for a typical cut at r NO = 1.3 Å shows the pronounced angular dependence of the PESs. The experimental relative energies of the different channels can be compared with the analytical PESs, see Table 2 . The present PESs underestimate the experimentally determined reaction energy (NO + N -N 2 +O) by less than 4% while for full atomization this value reduces to 1.5%. This is in contrast to the most recent PES which used an empirical extrapolation procedure for matching the energies of the reactant and products to the experimental ones which is probably not valid unconditionally for the entire surface. 26 Here it was decided to avoid such an empirical approach as the long-term goal is geared towards probing the performance of such computations at a given level of theory which can eventually be improved by morphing. 42 Furthermore, it is not expected that these differences lead to quantitatively different results. (R k , R) kernel which gives the correct long range behaviour (R
À6
).
Dynamics
Quasiclassical dynamics. The PESs were used to follow the different reaction channels for temperatures ranging from 100 K to 20 000 K. Fig. 5 shows the final state probability distributions of the rovibrational energy, and the vibrational and rotational quantum numbers at 5000 K for both products, NO and N 2 , separately. Panels a and d show the probability distribution as a function of the final rovibrational energy of NO and N 2 . It can be seen that formation of N 2 with low rovibrational energies occurs on the 3 A 00 state but not on However the number of trajectories that leads to N 2 is not large enough for a firm conclusion. Fig. 6 reports the probability distributions of the rovibrational energies together with the vibrational and rotational quantum numbers for simulations at T = 20 000 K. Rovibrational states with energies larger than the dissociation energy of the diatomics were found, contrary to the situation at 5000 K (see Fig. 5 ). At 20 000 K, high rotational states are populated and the effective potential, which includes the centrifugal barrier
, prevents dissociation. Also, full atomization of the system is possible but only a few trajectories finished in this channel. As this channel is not of particular interest to this work it was not considered further. However, the formation of N 2 (blue) and the exchange of nitrogen (green) deviate from an equilibrium thermal distribution but rather display a dependence on two or more temperatures. Therefore, assuming one temperature for the products is an insufficient approximation although more rigorous sampling of the final states may be required for more quantitative conclusions. Quantum calculations. An exploratory set of time-independent quantum reactive scattering calculations was performed to validate the QCT calculations using both PESs. The abc code 43 was used for studying NO + N collisions at several total energies E t . This code solves the time-independent Schrödinger equation of a triatomic system using a coupled-channel hyperspherical coordinate method. Quantum scattering conditions are applied exactly and the coupling between the initial and the final orbital and rotational angular momenta are taken into account for each value of the total angular momentum J. 43 In the present work calculations were carried out for total angular momentum J = 0. After initial convergence tests, the maximum value of j included in any channel was 50, and the maximum internal energy was set to 4.0 eV. The value of the maximum hyperradius r max , where the asymptotic matching is applied, was 10.6 Å and 400 steps in the log-derivative method were employed. The transition probabilities are determined from the square of the S-matrix elements. A suitable set of QCT trajectories for two values of the collision energies, E c = 0.7 eV and 1.0 eV, was run from the initial state n = j = J = 0 (i.e. b = 0). 44, 45 For the 3 A 0 state, 6000 QCT trajectories at each E c were sufficient for convergence, whereas 5000 trajectories were required for convergence using the 3 A 00 state at a given E c . Fig. 7 reports the vibrational distribution of the final state of N 2 using quantum and QCT calculations. Overall, the agreement between quantum and classical calculations is good ( 3 A 00 , E c = 1.0 eV) to very good ( 3 A 00 , E c = 0.7 eV and overestimate the quantum probability. However, the agreement is still quite good but p(n) is very small due to the early barrier in the entrance channel, see Fig. 3 . Furthermore, the shape of p(n) does not change appreciably when increasing the collision energy by 0.3 eV. A similar behaviour was also found for the S + NH reaction. 46 However, the shape of p(n) strongly depends of the PES on which the dynamics takes place. Finally, the results from Fig. 7 demonstrate the non-equilibrium nature of the final-state distribution p(n) at such collision energies for N 2 .
Temperature dependent rates. Tables 3 and 4 state. This is due to the presence of an early barrier in the 3 A 0 state (see Fig. 3 ). At low temperatures the rate coefficients for N 2 formation on the 3 A 00 state are at least one order of magnitude higher than those on the 3 A 0 state (see Table 4 ). However, at higher temperatures (beyond 10 000 K), the contribution of both PESs is comparable. The exchange channel is relevant only at high temperatures, due to a barrier at the entry of this channel in both PESs. ) of the NO(
reaction at several temperatures, using the g e (T) defined in eqn (14) . The standard deviation (68% statistical uncertainty) is also reported for the total rates (black solid line) together with literature data [13] [14] [15] 17, 18, 23, 24, [47] [48] [49] [50] in the [100; 5000] K range. In particular, the experimental values recently recommended by the Jet Propulsion Laboratory (JPL) 51 are included (red line), see Fig. 8A . Several experiments found that rates increase with temperature while others decrease and similar effects are observed for the calculated rates. Up to T E 1000 K the 3 A 00 state determines the rate (see Table 3 ) which is about one order of magnitude smaller compared with most experiments at low temperature (see Fig. 8 ). There are several potential reasons for such disagreement. First, the PES of the 3 A 00 state could be inaccurate, specifically in the range which controls access of the incoming nitrogen atom, for example at r = 1.3 Å in the interval À1.8 o R cos y o À0.7 Å, see Fig. 4A . It is possible that widening this region of the PES increases the N 2 O formation rate which eventually speeds up the overall reaction. However, testing such a proposal would require state-to-state and spectroscopic information from experiments in the entrance channel. In a next step, this could then be used in morphing potential transformations to better define the PES in this region. 42 However, given the good agreement between the experiment and simulations at higher temperature, such a localized deficiency of the PES which affects only the rates at low temperature would be surprising. The discussion above suggests that global deficiencies of the two PESs are unlikely because otherwise the computed hightemperature rates would also be erroneous. It is observed that at 300 K most of the experiments report rates of 2 Â 10 À11 to 4 Â 10 À11 which are one order of magnitude larger than the computed rates, see Fig. 8 . Hence, it is also possible that a mechanism is at play which only operates at lower temperatures (T o 1000 K) but is neglected in the present analysis of the problem. Two further scenarios are therefore discussed: (1) there is a crossing between the For the first possibility it is noted that the zero point energy in the v = 0 state corresponds to a characteristic temperature of 1000 K which is the temperature at which the as yet unspecified process would need to cease contributing to the rate. Analysis of the crossing region between the + N b reaction at several temperatures, using the g e (T) defined in eqn (14) .
The standard deviation (68% statistical uncertainty) is also reported for the total rates Fig. 8 Rate coefficients for N 2 formation at temperatures 100 K r T r 5000 K. The black solid lines (this work 1) are the rates using the g e defined in eqn (14) , while the black dashed lines (this work 2) correspond to an alternative g e (see the text). 24 QCT/CASPT2-2010, 49 and QCT/SemiEmp-1996. 50 to a rate of E4 Â 10 À11 cm 3 molecule À1 s À1 . 11 Hence, with a sufficiently rapid rate for the spin change reaction in the entrance channel the computations could also be reconciled with the experiments at low temperature. At higher temperatures this process would cease to contribute because the crossing velocity becomes too large. On the other hand, at high temperature (T 4 2000 K) the experimental rates and those computed here are in good agreement. Furthermore, the theoretical results agree with each other in that the rates increase with temperature above 600 K (see Fig. 8B ). Previous calculations based on the CASPT2 PES 23 overestimate the recommended rates for T Z 1500 K although at low temperatures they reproduce the experimental values. It is worth noting that these PESs were empirically modified in the entrance channel for reproducing the experimental diatomic dissociation energies and the exoergicity of the reaction, while in the present study the surfaces were not modified.
The electronic degeneracy factor for the N 2 formation channel is of some additional concern. Because the N 2 O intermediate may or may not be stabilized (depending on the details of the collision) an electronic degeneracy factor of g e 0 = q product /q reactant with q product = q O( 3 P) q N 2 ( 1 S) where q O( 3 P) = 5 + 3 exp(À227.7/T) + exp(À326.6/T), 23 and q N 2 ( 1 S) = 1, and q reactant = q NO( 2 P) q N( 4 S) would be equally possible. Using this expression instead of eqn (14), the resulting rate coefficients are also indicated in Fig. 8 (dashed black line).
The rate coefficients at temperatures relevant for the hypersonic flight regime are shown in Fig. 9 . The predicted rates increase with increasing T. Also, the exchange channel becomes important at sufficiently high temperatures (T Z 10000 K). This is essential information for meaningful modelling of the reaction involved in the hypersonic flight regime as this generates NO in high vibrationally excited states. For modelling re-entry conditions the use of an empirical expression that describes the rate coefficients is often quite useful. Fitting an Arrhenius expression between 5000 and 20 000 K yields for the exchange channel (k(T) from Table 4) k exch (T) = 1.475 Â 10 À10 exp(À20907.67/T) (16) and for N 2 formation (k(T) from Table 3 
Summary
The two lowest triplet PESs of N 2 O correlating with NO(X 2 P) + N( 4 S) and N 2 (X 1 S) + O( 3 P) from ab initio calculations were determined at the MRCI+Q level of theory. The energies in each asymptotic channel were represented as a reproducing kernel which exactly reproduces the MRCI+Q energies. Quasiclassical trajectory calculations using these new PESs were performed for temperatures up to T = 20 000 K and the rate coefficients were determined. The calculations suggest that up to 5000 K N 2 formation occurs entirely on the 3 A 00 PES whereas reactions involving the 3 A 0 state start to contribute above that. Below 1000 K the experimental results are quite heterogeneous but typically one order of magnitude faster than the computed rates. Conversely, at temperatures above 3000 K the agreement is encouraging. At sufficiently high temperatures (T Z 10 000 K) the final state distributions show non-Boltzmann behaviour. Hence, although reaction rates can be computed, they do not necessarily correspond to a thermal ensemble. The high-temperature rates determined in the present work will be a useful input for modeling atmospheric re-entry. However, further work based on non-equilibrium initial conditions will also be relevant for a full account of the problem. At low temperatures, the computations yield low rate coefficients consistent with VTST/CCI calculations and the rate derived from models of the measurements in the Mars atmosphere but disagree with other theoretical and experimental data whereas for temperatures relevant to the present work (T Z 5000 K), agreement with available data is quite favourable. Above 1000 K the results of the present study are in good agreement with the experimentally recommended values. At temperatures below 5000 K N 2 formation and the nitrogen exchange reactions take place mainly on the 3 A 00 surface. The average vibrational energies for N 2 formation on the two PESs differ by 41 eV which will be a useful benchmark for future energy-resolved experiments to confirm and support the present calculations. At higher temperatures the average N 2 vibrational energies differ far less for the two PESs and the contributions of both electronic states to the reaction rate should be considered.
